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We investigate theoretically the possibility of using the cold-electron bolometer (CEB) as a counter
for 1 cm wavelength (30 GHz) photons. To reduce the flux of photons from the environment,
which interact with the detector, the bath temperature is assumed to be below 50 mK. At such
temperatures, the time interval between two subsequent photons of 30 GHz that hit the detector is
more than 100 hours, on average, for a frequency window of 1 MHz. Such temperatures allow the
observation of the physically significant photons produced in rare events, like the axions conversion
(or Primakoff conversion) in magnetic field. We present the general formalism for the detector’s
response and noise, together with numerical calculations for proper experimental setups. We observe
that the current-biased regime is favorable, due to lower noise, and allows for the photons counting
at least below 50 mK. For the experimental setups investigated here, the voltage-biased CEBs may
also work as photons counters, but with less accuracy and eventually at bath temperatures below
40 mK. The voltage-biased setups also require smaller volumes of the normal metal island of the
detector.
I. INTRODUCTION
The search for axions1–4 has intensified lately, since
they became good candidates for the dark matter in the
Universe (see [5] and citations therein). Due to their ex-
tremely weak coupling to other massive particles, they
are difficult to detect, but they may be converted into
photons in intense magnetic fields.6 The photons may
be detected, but they may have low energies (eventually,
of the order of 100 µeV) and low flux (one photon in a
few hours),5 so their detection should be attempted with
extreme care. For the extreme requirements of axion de-
tection, good candidates for photon counters are devices
based on Josephson junctions.7,8 Another option is the
capacitively coupled cold-electron bolometer (CEB),9–11
based on the cooling ability of normal metal-insulator-
superconductor (NIS) tunnel junctions12,13 and on capac-
itive coupling to the antenna.14 Besides high sensitivity
and wide dynamic range, CEBs demonstrate immunity
to cosmic rays, due to the tiny volume of the absorber
and decoupling of the phonon and electron subsystems.15
Counters based on Josephson junctions are under in-
tense investigations (see for example [16–19] and citations
therein). In this paper we shall investigate the possibility
of using the CEB as a low energy photon counter.
The CEB is a symmetric SINIS (superconductor-
insulator-normal metal-insulator-superconductor)
structure,13 which is capacitively coupled to an
antenna,20 which captures the photons, as we used for
example in Ref. [21]. The SINIS structure acts as both,
cooler and thermometer for the normal metal island.
When a photon is captured by the antenna and its
energy is dissipated in the normal metal island, the
electronic temperature of the island increases. This
increase in temperature is measured by the SINIS
structure and the photon is detected.
In order to be able to identify photons generated by
axions decay, the temperature of the environment should
be low enough, so that the rate of “fake events” (due
to photons from the environment hitting the detector) is
much smaller than the rate of the “real events” (due to
photons produced by axions). If we denote by Nph(δω)
the volume density of the photons from the environment
in the narrow frequency window δω, which includes the
frequency ω, then
Nph(δω)
δω
≡ nph(ω) = 1
π2c3
ω2
eβ~ω − 1 , (1)
where β ≡ 1/(kBT ), kB is the Boltzmann’s constant, and
T is the bath (environment) temperature–in Eq. (1) we
took into account the two photon polarizations. From
Eq. (1) we obtain the flux of photons on the unit area of
the detector’s surface,
φ(ω) ≡
∫ 2π
0
dφ
∫ π/2
0
dθ sin θ
cnph(ω)
4π
=
1
2π2c2
ω2
eβ~ω − 1 .
(2)
For photons of wavelength of the order of 1 cm (30 GHz
frequency), the area of the detector plus antenna is of
the order of A0 = 1 cm
2. The estimation of the average
number of photon hits on the detector in the time inter-
val t0 = 1 hour and in a unit frequency window of 1 Hz
is N0(ν) = A0t0φ(2πν), where ν ≡ ω/(2π). In Fig. 1
we show the contour plot of log10[N0(ν)δν], for a typical
bandwidth of δν = 1 MHz. We observe that for a pho-
ton of 30 GHz we have, on average, one photon hit in
more than 100 hours, if the temperature of the environ-
ment is 50 mK. This allows enough room for an accurate
detection of photons generated by axions decay.
The paper is organized as follows. In the next section
we analyze the response of the CEB, namely the temper-
ature increase due to the photon absorption and the re-
equilibration time–which is the time constant with which
the device cools down, after the photon absorption. In
2-
17
2
-
17
0
-
16
8
-
16
6
-
16
4
-
16
2
-
16
0
-
15
8
-
15
6
-
15
4
-
15
2
-
15
0
-
14
8
-
14
6
-
14
4
-
14
2
-
14
0
-
13
8
-
13
6
-
13
4
-
13
2
-
13
0
-
12
8
-
12
6
-
12
4
-
12
2
-
12
0
-
11
8
-
11
6
-
11
4
-
11
2
-
11
0
-
11
0
-
10
8
-
10
8
-
10
6
-
10
6
-
10
4
-
10
4
-
10
2
-
10
2
-
10
0
-
10
0
-
98
-
98
-
96
-
96
-
94
-
94
-
92
-
92
-
90
-
90
-
88
-
88
-
86
-
86
-
84
-
84
-
82
-
82
-
80
-
80
-
78
-
78
-
76
-
76
-
74
-
74
-
72
-
72
-
70
-
70
-
68
-
68
-
66
-
66
-
64
-
64
-
62
-
62
-
60
-
60
-
58
-
58
-
58
-
56
-
56
-
56
-
54
-
54
-
54
-
52
-
52
-
52
-
50
-
50
-
50
-
48
-
48
-
48
-
46
-
46
-
46
-
44
-
44
-
44
-
42
-
42
-
42
-
40
-
40
-
40
-
38
-
38
-
38
-
36
-
36
-
36
-
34
-
34
-
34
-
32
-
32
-
32
-
30
-
30
-
30
-
28
-
28
-
28
-
26
-
26
-
26
-
26
-
24
-
24
-
24
-
24
-
22
-
22
-
22
-
22
-
20
-
20
-
20
-
20
-
18
-
18
-
18
-
18
-
16
-
16
-
16
-
16
-
14
-
14
-
14
-
14
-
12
-
12
-
12
-
12
-
12
-
10
-
10
-
10
-
10
-
8
-
8
-
8
-
8
-
6
-
6
-
6
-
6
-
4
-
4
-
4
-
4
-
2
-
2
-
2
-
2
0
0
0
2
2
2
4
4 6
20 40 60 80
T [mK]
10
20
30
40
50
60
70
80
90
100
 
[G
Hz
]
FIG. 1. The estimation of the average number of hits on
the detector in one hour, by photons from the environment.
The area of the antenna is considered to be 1 cm2 and the
bandwidth is δν =1 MHz. The figure shows the contour plot
of log
10
[N0(ν)δν].
Section III we calculate the noise in the system, to see if
the signal produced by the photon can be observed. In
Section IV we draw the conclusions.
While in the main body of the paper, the calculations
are done for a volume of the normal metal Ω = 0.01 µm3,
in the Appendix we present the main results for Ω =
0.1 µm3, to emphasize the flexibility that exists in the
construction of the device and its limitations.
II. RESPONSE OF THE COLD ELECTRON
BOLOMETER
The cross section of the central part of the detec-
tor is shown schematically in Fig. 2 (see, for example,
Refs. [13, 21–24]). The superconducting antenna is cou-
pled to the normal metal island by two normal metal-
insulator-superconductor (NIS) tunnel junctions, form-
ing the SINIS (symmetric) structure. The whole detector
is deposited on an insulating support. The thicknesses
of the metallic layers (normal metal and superconduc-
tor) are 10 to 20 nm. When a photon, absorbed in the
antenna, dissipates its energy into the normal metal is-
land, the heat diffuses in the normal metal in the char-
acteristic time τd ≈ L2/(π2D), where L is the linear
dimension of the normal metal and D is the electrons’
diffusion constant. For typical values, L ∼ 1 µm and
D = 10−4 m2s−1, we obtain τd ∼ 1 ns,21 which sets the
lower limit for the detection time.
At working temperatures, which are below 100 mK,
the electron system in the normal metal is very weakly
coupled to the phonons system.25–28 This allows for the
FIG. 2. The schematic drawing of the cross section of the
SINIS structure. The superconductor that forms the antenna
(blue) is separated from the normal metal (yellow) by an in-
sulating layer (thick black line). The whole structure is de-
posited on an insulating support.
independent thermalization of the electrons system, at
temperature Te, and of the phonons system, at temper-
ature Tph. Then, the heat power between the electrons
system and phonons system may be written in general as
Q˙ep = ΣepΩ
(
T xe − T xph
)
, (3)
where Σep is the coupling constant, Ω is the volume of the
normal metal, and the exponent x depends on the model
and the dimensionality of the phonons system (in our
case, x may take values between 3.5 and 5).25–29 Since
the heat power exchanged between electrons and phonons
is low, we shall assume in general that Tph is equal to the
heat bath temperature Tb.
In the absence of photons, the electrons equilibrate at
temperature Te1, determined by the balance between the
heat exchanged with the phonons (Eq. 3) and the heat ex-
tracted from the normal metal into the superconductor,
through the two NIS junctions (Eq. 7b below). When a
photon is absorbed, its energy is dissipated into the elec-
trons system of the normal metal, increasing its temper-
ature to Te2. In the low temperature limit, the internal
energy of the electron system is in general proportional
to T 2e
30 and to the volume, so we may write
U(Te) = ΩCeT
2
e . (4)
For concrete systems, Ce is either a fitting parameter or
is determined by the theoretical model. For simplicity,
we take the value corresponding to an ideal gas, namely
Ce = (2me/~
2)3/2ǫ
1/2
F k
2
B/12 where ǫF is the Fermi en-
ergy of the electrons, me is the electron’s mass, kB is
the Boltzmann’s constant, and ~ is the reduced Plank’s
constant. Therefore, if we denote by ωf the angular fre-
quency of the photon, using Eq. (4) we can write the
equation
~ωf ≡ ǫf = U(Te2)− U(Te1), (5)
where ǫf = ~ωf is the energy of the photon.
The heat and charge transport through the NIS junc-
tions have been extensively studied in the past (for ex-
ample, see Refs. [12, 13, 23, 24, 31–35]). We shall assume
that the junctions are identical, of normal resistance RT ,
and they are biased with exactly opposite voltages, V
3and −V . If the tunneling resistance is big enough, An-
dreev reflection does not occur and particles and energy
are transported by quasiparticle tunneling. We define,
like in Refs. [34 and 35], four tunneling currents,
j1(ǫ) ≡ g(ǫ)
e2RT
f(ǫ− eV, Te)[1− f(ǫ, Ts)] (6a)
j2(ǫ) ≡ g(ǫ)
e2RT
f(ǫ+ eV, Te)[1− f(ǫ, Ts)] (6b)
j3(ǫ) ≡ g(ǫ)
e2RT
[1− f(ǫ− eV, Te)]f(ǫ, Ts) (6c)
j4(ǫ) ≡ g(ǫ)
e2RT
[1− f(ǫ+ eV, Te)]f(ǫ, Ts) (6d)
where ∆ and ǫ(≥ ∆) are the energy gap and the quasipar-
ticle energy in the superconductor, respectively, whereas
g(ǫ) ≡ ǫ/√ǫ2 −∆2 is proportional to the quasiparticle
density of states (for a detailed description of the cur-
rents 6, see [34]). By Ts we denoted the quasiparti-
cles’ temperature in the superconductor and, because of
the low heat power exchanged between the normal metal
and the superconductor, we assume that Ts = Tb. Us-
ing Eqs. (6), the electrical current and the heat current
through an NIS junction are34,35
IJ = e
∫
∞
∆
(j1 − j2 − j3 + j4)dǫ (7a)
=
1
eRT
∫
∞
∆
g(ǫ)[f(ǫ− eV, Te)− f(ǫ+ eV, Te)]dǫ
and
Q˙J =
∫
∞
∆
[(ǫ− eV )(j1− j3)− (ǫ+ eV )(j4− j2)]dǫ, (7b)
respectively. IJ and Q˙J are positive when the current
and heat, respectively, flows from the electrons of the
normal metal into the superconductor. The equilibrium
temperature of the electron system is obtain by equating
the total power Q˙T (Te, Tb) ≡ Q˙ep(Te, Tb) + 2Q˙J(Te, Tb))
to zero (the factor 2 appears because we have two NIS
junctions attached to the normal metal, namely
Q˙T (Te1, Tb) = 0. (8)
Equation (8) represents the heat balance equation for our
system.
We consider that the normal metal is Cu and the su-
perconductor is Al. In Fig. 3 we plot the solutions of
Eq. (8), for Q˙ep given by Eq. (3), with x = 5 and
Σep = 4 × 109 Wm−3K−513. The tunneling resistance
is RT = 35 kΩ for each of the two NIS junctions, the
volume Ω = 0.01 µm3, and the energy gap in the su-
perconducting Al is ∆ = 0.2 meV.36 We shall use these
numerical values throughout the paper, except for the
Appendix. To emphasize the dependence of these results
on the volume Ω, in the Appendix we shall plot the re-
sults of the same calculations, but with Ω = 0.1 µm3.
FIG. 3. The theoretical estimation of the equilibrium tem-
perature of the (ideal) electron gas in the normal metal is-
land, cooled by the SINIS structure, starting from the bath
temperature Tb and for the bias voltage V (for each NIS junc-
tion). The tunneling resistance of each of the two junctions
is RT = 35 kΩ and the volume of the normal metal island is
0.01 µm3.
We use the experimental values x = 5 and Σep =
4 × 109 Wm−3K−513 instead of theoretical ones, calcu-
lated more recently, because the values existing in the
literature (both, theoretical and experimental) vary sig-
nificantly from model to model and from sample to sam-
ple (see the diversity of results presented, for example, in
Refs. [13, 25–27, 37–43]). For this reason we give prior-
ity to the measured parameters, in order to make more
realistic calculations.
FIG. 4. The of the temperature of the normal metal island
due to the absorption of a 30 GHz (1 cm wavelength) photon,
for the same system as in Fig. 3.
4FIG. 5. The change of junction current IJ due to the absorp-
tion of a photon of 30 GHz, for a volume Ω = 0.01 µm3.
FIG. 6. The voltage change (at current-bias) due to the ab-
sorption of a photon of 30 GHz, for a volume Ω = 0.01 µm3.
In Fig. 4 we plot the temperature increase ∆Te ≡
Te2 − Te1 due to the absorption of a 1 cm wavelength
photon. This temperature change leads to an increase
of the current (at voltage-bias), as shown in Fig. 5, or
a decrease of the voltage (at current-bias), as shown in
Fig. 6. The photon can be detected if the variation of the
measured quantity, IJ or V , is bigger than the noise (i.e.
the mean square fluctuation of the measured quantity)
that we shall calculate in Section III.
A. Detector re-equilibration
We calculate the re-equilibration time of the detector,
τ , which sets the time scale in which the temperature
FIG. 7. The relaxation time τ , for RT = 35 kΩ and Ω =
0.01 µm3.
returns to the initial value after the photon absorption.
Let’s say that at time t = 0, the temperature of the
electrons in the normal metal is varied by ∆Te(0) ≡ Te2−
Te1, after which they cool back to Te1. If ∆Te(0)≪ Te1,
then we can assume an exponential time dependence,
∆Te(t) = ∆Te(0)e
−t/τ , (9a)
where, from the expression of Q˙T , we obtain
τ−1 =
1
CV
(
∂Q˙T
∂Te
)
≡ τ−1J + τ−1ep ≪ τ−1d , (9b)
in obvious notations. From Eqs. (7b) and (3) we obtain
1
τJ
=
2
CV
(
∂Q˙J
∂Te
)
=
1
CV
kB
e2RT
√
∆kBTe
2
×
[
3
∫
∞
0
x1/2dx
ex+ae + 1
+ 2ae
∫
∞
0
x−1/2dx
ex+ae + 1
+2a2e
∫
∞
0
x−1/2ex+ae dx
(ex+ae + 1)2
]
, (9c)
1
τep
= 5ΣepΩT
4
e , (9d)
where CV ≡ CV (Te) is the heat capacity of the electron
system in the normal metal. The dependence of τ on the
bath temperature and bias voltage is plotted in Fig. 7
for Ω = 0.01 µm3 (b). Nevertheless, in our case the
temperature variation due to the photon absorption is
comparable or bigger than Te1, so Eqs. (9) give only the
order of magnitude of the time required for the detector
to re-equilibrate. The time variation of the temperature
in the general case is given by the formula
CV (Te)
dTe
dt
= Q˙T (Te, Tb). (10)
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FIG. 8. (Color online) The time evolution of the electron
temperature in the normal metal at voltage- (a) and current-
bias (b). The volume is Ω = 0.01 µm3. The bath temperature
takes three values: 30 mK (solid lines), 40 mK (dashed lines),
and 50 mK (dotted lines). In (a), the voltages are fixed at
V0, with 1 − eV0/∆0 = 0.43 × 10
−3 (blue lines), 0.22 × 10−3
(red lines), and 0 (green lines). In (b) the currents are fixed
IJ(Te1, V0), where V0 correspond to the same values as in (a).
In Fig. 8 we show the time evolution of the temperature
difference ∆Te(t) for a few representative values of Tb and
bias voltages or currents. We observe that, in accordance
to the results plotted in Fig. 7, the relaxation time for
Ω = 0.01 µm3 is of the order of a few tens of nanoseconds.
We also observe that the relaxation time may depend
strongly on the type of bias used (current- or voltage-
bias), especially at low temperatures.
III. NOISE
If the junctions are voltage-biased, the measured quan-
tity is the current and the spectral density of its fluctu-
ation is21
〈|δIJ (ω)|2〉 = 〈|δIJshot(ω)|2〉+
(
∂IJ
∂Te
)2
〈|δTe(ω)|2〉
+
1
e2ω2
(
∂ǫF
∂N
∂IJ
∂(eV )
)2
〈|δIJ (ω)|2〉
+2
∂IJ
∂Te
ℜ (〈δIJ,shot(ω)δTe(ω)〉) (11a)
+2
∂ǫF
∂N
∂IJ
∂(eV )
∂IJ
∂Te
ℜ
(〈
δTe(ω)
δN˙(ω)
iω
〉)
,
where the angular brackets 〈·〉 denote averages, δIJ (ω)
and δTe(ω) are the Fourier transforms of the noise in cur-
rent and temperature, respectively, whereas δIJ,shot(ω)
is the Fourier transform of the current shot noise. The
spectral density of the voltage fluctuation is21
〈|δV (ω)|2〉 = 1
ω2
(
1
e2
∂ǫF
∂N
)2
〈|δIJ,shot(ω)|2〉. (11b)
From Eqs. (11) we may calculate the total fluctuation of
current and voltage as
〈δ2IJ〉tot = 2
∫
∞
0
〈|δIJ (ω)|2〉dω, (12a)
〈δ2V 〉tot = 2
∫
∞
0
〈|δV (ω)|2〉dω, (12b)
where we took into account that |δIJ (ω)|2 = |δIJ (−ω)|2
and |δV (ω)|2 = |δV (−ω)|2. But the integrals in (12) are
divergent and therefore they do not represent the phys-
ically measured quantities (the shot noise, for example,
is “white”, i.e. |δIJ (ω)|2 is constant). Physically, the
noise may be filtered in a band [ωmax, ωmin], whereas the
readout system may have a delay τc, which introduces
a cutoff. Due to the cutoff τc, the measured quantity
Mm(t)–which is a function of t–follows the real quantity
M(t) with a delay, leading to the equation21
dMm(t)
dt
=
M(t)−Mm(t)
τc
. (13)
In Fig. 9 we plot the time dependence of the current
(at voltage-bias) and voltage (at current-bias), for the
same cases as in Fig. 8, without taking into account the
noise. We observe that the measured current or voltage
first increases abruptly (with the time constant τc) and
then decreases as the temperature of the normal metal
decreases to the equilibrium value, as shown in Fig. 8.
Since the relaxation time for Ω = 0.01 µm3 is of the
order of tens of nanoseconds, in the following we shall
consider τc = 1 ns (of the same order as the diffusion
time) in all the numerical calculations. We observe that
the signal (the maximum value of the measured quan-
tity) is slightly smaller than the actual jump in current
or voltage produced by the photon absorption (at Te2)
and depends on τc–the smaller τc, the higher the signal.
On the other hand, we shall see below that the noise in
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FIG. 9. The time evolution of the current, at voltage-bias (a),
and of the voltage, at current-bias (b), for a few significant
bath temperatures and voltages (the same as in Fig. 8). The
bath temperature takes three values: 30 mK (solid lines),
40 mK (dashed lines), and 50 mK (dotted lines). In (a), the
voltages are fixed at V0, with 1− eV0/∆0 = 0.43× 10
−3 (blue
lines), 0.22 × 10−3 (red lines), and 0 (green lines). In (b)
the currents are fixed IJ(Te1, V0), where V0 correspond to the
same values as in (a). The measurement cutoff time used is
τc = 1 ns.
current is inversely proportional to τc, so this quantity
has to be optimized to improve detection at voltage-bias.
The filtering band, together to the delay time τc, leads
to the total measured fluctuations of IJ and V ,
〈δ2IJ 〉m = 2
∫ ωmax
ωmin
〈|δIJ (ω)|2〉
1 + ω2τ2c
dω, (14a)
〈δ2V 〉m = 2
∫ ωmax
ωmin
〈|δV (ω)|2〉
1 + ω2τ2c
dω. (14b)
We see that the relaxation time τ and the delay time
τc impose “filtering” limits, even in the absence of ωmin
and ωmax. For example, the noise of frequencies much
lower than the inverse of the relaxation time τ do not
influence the measurement because it does not influence
the visibility of the pulse in the measured quantity, IJ
or V . Similarly, we observe that due to τc, even in the
absence of ωmax, the integrals (14) are convergent.
The spectral density of the current shot noise through
the two NIS junctions is21,35,44
〈δ2IJshot〉ω ≡ 2〈|δIJshot(ω)|2〉 = 4e
2
e2RT
∫
∞
∆
ǫ√
ǫ2 −∆2
× dǫ
eβe(ǫ−eV ) + 1
≡ 4eIJ (15)
and is independent of ω. Plugging this into Eq. (14b)
and using (11b), we get
〈δ2V 〉m =
(
1
e2
∂ǫF
∂N
)2
〈δ2IJ,shot〉ωτc[arctan(ωminτc)
− arctan(ωmaxτc) + 1
ωminτc
− 1
ωmaxτc
]
(16)
If ωminτc ≪ 1 and ωmaxτc ≫ 1, Eq. (16) may be simpli-
fied to
〈δ2V 〉m ≈
(
1
e2
∂ǫF
∂N
)2
4eIJ
ωmin
. (17)
If from the expression (11a) for the current fluctuation
we take only the first term on the right hand side, which
is the direct contribution of the current shot noise, we
obtain an estimation of the total current fluctuation,
〈δ2IJ 〉m ≈
∫ ωmax
ωmin
〈δ2IJ,shot〉ω
1 + ω2τ2c
dω =
2πe
τc
IJ . (18)
We observe from Eqs. (17) and (18) that whereas the
voltage noise depends on our (subjective) choice of ωmin
but is not directly influenced by τc, the current noise is
inversely proportional to τc but is not influenced by the
frequencies ωmin and ωmax.
In Fig. 10 we plot the current noise, divided by the cur-
rent pulse (as exemplified in Fig. 9 a). This ratio should
be below 1, to ensure that the pulse may be observed. We
observe that the photon counter could eventually func-
tion at voltage-bias, in the low temperature limit, around
30 mK.
The situation is better for current-biased measure-
ments. In Fig. 11 we plot the voltage noise divided by the
voltage pulse (see Fig. 9 b), using ωmin = 1/(10τ) (i.e.
we consider that noise of frequencies lower than 1/(10τ)
do not obstruct the observation of the voltage signal),
where τ is plotted in Fig. 7 for the same values of V and
Tb. We see that if Ω = 0.01 µm
3, the detector permits
the counting of 1 cm wavelength photons in the whole
temperature range analyzed, i.e. from 30 to 50 mK.
IV. CONCLUSIONS
We investigated the possibility of using the cold elec-
tron bolometer (CEB) as a counter for photons of wave-
lengths up to 1 cm. The CEB consists of a normal metal
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FIG. 10. The normalized current fluctuation
√
〈δ2IJ 〉m/∆IJ ,
for Ω = 0.01 µm3 and τc = 1 ns. The values of ∆IJ(Tb, V )
are plotted in Fig. 5.
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FIG. 11. The normalized voltage fluctuation,
√
〈δ2V 〉m/∆V ,
for Ω = 0.01 µm3 and ωmin = 1/(10τ ), for ∆V plotted in
Fig. 6 and τ plotted in Fig. 7.
island, coupled to the superconducting antenna by two
symmetric normal metal-insulator-superconductor (NIS)
tunnel junctions, realizing the so called SINIS structure
(see Fig. 2). We presented the general formalism and
the numerical calculations, for a bath temperature (Tb)
range from 30 mK to 50 mK. In this temperature range,
the flux of 1 cm wavelength photons which hit the detec-
tor, coming from the environment, is less than 1 photon
in 100 hours (see Fig. 1). This makes the detector suit-
able for counting low energy photons generated by rare
events.
We investigated both, the voltage-biased setup–when
the measured quantity is the current–and the current-
biased setup–when the measured quantity is the voltage
(see Figs. 3-6). We compared the response of the detec-
tor (shown in Figs. 8 and 9) with the fluctuation of the
measured quantity (see Figs. 10-13).
Due to the intrinsic shot noise of the current, the
voltage-bias setup is more noisy than the current-bias
setup. For a volume Ω = 0.01 µm3, both, current-biased
and voltage-biased CEB’s may detect 1 cm wavelength
photons, but the current-biased detectors are more ac-
curate. The signal (due to photon absorption) is bigger
than the noise in the current-biased CEB for the whole
temperature range investigated (see Fig. 10) whereas for
the voltage-biased CEB’s, the signal is bigger than the
noise only in part of the parameters range, as can be seen
in Fig. 11.
If the volume of the normal metal island is Ω =
0.1 µm3, in the temperature range investigated, the noise
in current in the voltage-biased setup is bigger than the
current pulse due to the photon absorption (see Fig. 12).
Therefore, the counter cannot detect the photon. On the
other hand, in the current-biased setup, the counter may
work, since the voltage pulse produced by the photon ab-
sorption is bigger than the noise, at least in some ranges
of the parameters, as seen in Fig. 13.
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Appendix A: Results for a volume of the normal
metal of 0.1 µm3
For comparison, we present the relative fluctuations of
current and voltage for a detector with Ω = 0.1 µm3. The
relative fluctuation of current (the fluctuation of current,
divided by the current pulse) in the voltage-bias setup
is presented in Fig. 12 and the relative fluctuation of
voltage (voltage fluctuation divided by the voltage pulse)
is presented in Fig. 13.
We observe that in the voltage-bias setup√
〈δ2IJ 〉m/∆IJ > 1, so the signal is smaller than
the noise. In principle, in such a situation the signal
cannot be distinguished from the noise. On the other
hand, in the current-bias setup, in some ranges of
parameters, the signal is bigger than the noise (i.e.√
〈δ2(eV )〉m/∆(eV ) > 1) and the device may function
as a photon counter, even for such relatively large
volume.
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FIG. 12. The normalized current fluctuation
√
〈δ2IJ 〉m/∆IJ ,
for Ω = 0.1 µm3 and τc = 1 ns.
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FIG. 13. The normalized voltage fluctuation,
√
〈δ2V 〉m/∆V ,
for Ω = 0.1 µm3 and ωmin = 1/(10τ ), where τ is the relax-
ation time of the detector.
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